Tuberculosis is the leading infectious cause of death globally and extra-pulmonary disease occurs in 15% of incident cases annually. Tuberculous meningitis (TBM) is arguably the most lethal form of tuberculosis and requires prompt diagnosis and initiation of treatment to prevent death and serious neurological disability. The development of rapid diagnostic tests using polymerase chain reaction (PCR) technology for the detection of Mycobacterium tuberculosis (MTB), including the World Health Organization (WHO) -endorsed Xpert MTB/RIF Ultra assay, has allowed earlier definite diagnosis of TBM than conventional culture methods which usually take two weeks or longer for positive identification of MTB. Detection of MTB in cerebrospinal fluid (CSF) using PCR assays requires special attention to the collection, handling, and processing of CSF. Herein we present best practices guidance to maximize the detection rate of MTB in CSF using Xpert MTB/RIF Ultra.
Introduction
Xpert MTB/RIF (Xpert) is a cartridge-based fully automated nucleic acid amplification technology used worldwide since 2010 for the rapid detection of MTB and to determine resistance of MTB to rifampicin (RIF) in pulmonary and extra-pulmonary samples [1] . Xpert uses a single amplification target, the MTB rpoB gene. Xpert MTB/RIF Ultra (Xpert Ultra) is a second-generation test recently developed to boost the sensitivity for detection of MTB to be comparable to standard MTB culture [1, 2] . Xpert Ultra includes two additional amplification targets, the IS6110 and the IS1081 genes, and has a larger PCR chamber volume (50 µl versus 25 µl). In analytical studies of sputum samples spiked with a test strain of MTB, the calculated limits of detection for Xpert Ultra and Xpert were 15.6 and 112.6 colony forming units/ml respectively [2] . A semi-quantitative category of "trace" was introduced with Xpert Ultra to report samples positive for IS6110 and/or IS1081 but negative for rpoB. Trace positivity does not provide information on RIF resistance.
In March 2017, the WHO recommended Xpert Ultra as an alternative to Xpert as the initial diagnostic test for adults and children with suspected tuberculosis including TBM. Xpert Ultra is currently being rolled out globally to replace Xpert. Both Xpert and Xpert Ultra are included on the WHO Model List of Essential In Vitro Diagnostics for healthcare facilities with clinical laboratories [3] . However, testing of specimens other than sputum is considered an off-label use of both assays. The manufacturer Cepheid does not provide technical instructions for extra-pulmonary specimens. In this paper, we provide our recommendations for the safe and optimal collection, handling, and processing of CSF specimens to maximize the detection rate of MTB using Xpert Ultra.
How should CSF be collected during lumbar puncture?
CSF should be collected during lumbar puncture into sterile plain plastic tubes with leak-proof screw caps. Screw caps allow the gentle opening of tubes, reducing the chances of spilling or splashing of the contents. In many low-resource settings, however, blood collection tubes are routinely used to collect CSF, a practice which may lead to false-negative results on PCR-based tests. A large number of substances can inhibit PCR including additives to blood collection tubes; EDTA (purple/lavender top tubes) and heparin (green top tubes) [4, 5] . Blue top blood collection tubes contain sodium citrate which, like EDTA, can bind Mg 2+ , a co-factor for PCR [4] . Red top blood collection tubes can be used if sterile plain tubes are not available. However, they contain clot activators (e.g. silica or glass particles) and it is not known if these particles can adversely affect the Xpert Ultra assay [6] . A reasonable option is the slow aspiration of a small volume of CSF from the lumbar puncture needle into a sterile syringe which can be delivered directly to the laboratory, although this technique carries an increased risk of postlumbar puncture headache [7] . We are not aware of any studies that have compared the performance of Xpert or Xpert Ultra on CSF collected in blood collection tubes versus plain tubes. The risk of obtaining false-negative results with Xpert and Xpert Ultra if CSF is collected in blood collection tubes is therefore theoretical.
In the case of a traumatic lumbar puncture, three to four tubes of CSF should be collected and the last tube with the least amount of blood should be tested. Hemoglobin and other blood components are known inhibitors of PCR [8] . Xanthochromic CSF, due to subarachnoid hemorrhage or jaundice, may cause a false negative result since bilirubin is a reported PCR inhibitor [8] . Finally, the required test sample volume for Xpert Ultra cartridges is 2 ml. For direct testing of undiluted CSF with Xpert Ultra, a minimum of 2 ml should be collected in addition to the necessary CSF volume for routine analyses and other microbiological studies.
Does centrifugation of CSF improve the detection rate of Xpert Ultra?
Published studies of Xpert and Xpert Ultra for the diagnosis of TBM have used widely different protocols for processing CSF before testing. Comparing CSF samples from the same patients, Bahr et al. [9] reported improved sensitivity of Xpert with centrifugation (5/18 positive for uncentrifuged CSF versus 13/18 positive for centrifuged CSF). Xpert testing was performed without the addition of sample reagent (2 ml of CSF test sample) and the median volume of CSF centrifuged was 6 ml. Patel et al. [10] reported a higher sensitivity of Xpert on centrifuged CSF versus uncentrifuged CSF. However, this finding was based on a comparison of the results of testing centrifuged CSF samples (N = 34) with the results of testing uncentrifuged CSF samples (N = 84) obtained from mostly different patients (only 12 samples were paired samples from the same patients). The investigators separately reported the results of Xpert testing of the available paired CSF samples from the same patients and found no difference in Xpert sensitivities between centrifuged and uncentrifuged samples (58% versus 67%, p = 0.6). Xpert testing was performed using 1.0 ml of CSF test sample diluted with 1.0 ml of sample reagent and the volume of CSF centrifuged was 3 ml. Luo et al. [11] tested CSF spiked with MTB using nine different sample processing protocols, e.g. varying the amount of sample and sample reagent and centrifugation or no centrifugation, and found that differences in Xpert cycle threshold values may be due to intra-assay variations and not related to the protocol used.
The only published investigation of Xpert Ultra for the diagnosis of TBM reported a higher sensitivity of Xpert Ultra (70%) compared to Xpert (43%) for the detection of MTB in CSF obtained from 23 HIVinfected individuals with probable or definite TBM [12] . In this study, CSF (median 8 ml) was centrifuged and all but 2 ml of supernatant was removed. For Xpert testing, 1.0 ml of the remaining 2 ml was mixed with 1.0 ml of sample reagent. For Xpert Ultra testing, 0.5 ml of the remaining 2 ml was mixed with 1.5 ml of sample reagent. This 1:4 dilution essentially returned the concentration of MTB bacilli in the test sample to near that of the original CSF specimen prior to centrifugation. It is likely that a similarly high sensitivity of Xpert Ultra would have been obtained by testing 2 ml of uncentrifuged and undiluted CSF.
Based on the evidence summarized above and the very high analytical sensitivity of Xpert Ultra [2] , we believe that centrifugation of CSF offers a minimal advantage if any for the detection of MTB by Xpert Ultra. If centrifugation is performed, the safety of laboratory personnel needs to be ensured. Handling and processing specimens obtained from TB-infected individuals carries a risk of infection due to the potential for aerosolization of samples and subsequent inhalation of droplets [13] . The likelihood of generating infectious aerosols is lowest for direct sputum-smear microscopy, intermediate for processing and concentration of specimens, and highest for manipulation of cultures. Centrifuging, vortexing, and shaking of liquid samples such as CSF must be performed in biological safety cabinets (Fig. 1) which are not available in many laboratories in high-burden resource-limited regions.
Is dilution of CSF with sample reagent necessary?
The manufacturer-supplied sample reagent, which contains sodium hydroxide and isopropyl alcohol, is designed for the liquefaction and decontamination of sputum and tissue specimens. Since CSF is a liquid specimen, addition of sample reagent is not necessary and doing so will result in the dilution of the MTB bacillary concentration in the test sample, potentially reducing the likelihood of a positive detection result. To our knowledge, the report of Bahr et al. [9] is the only study of Xpert that tested CSF without dilution with sample reagent (see details J Clin Tuberc Other Mycobact Dis 14 (2019) [16] [17] [18] in section above). Our laboratory protocol is to test uncentrifuged and undiluted CSF directly with Xpert and Xpert Ultra. We started using Xpert Ultra in October 2017 for the routine testing of clinical samples and have since tested CSF obtained from 11 patients with probable or definite TBM defined by uniform case definition [14] . Xpert Ultra results were positive for 7 of the CSF samples, Xpert results were positive for 4 of the CSF samples, and both Xpert Ultra and Xpert were negative for 4 of the CSF samples (unpublished observations).
Summary recommendations for the collection, handling, and processing of CSF for testing with Xpert Ultra
(1) CSF should be collected in sterile plain plastic tubes, preferably with screw caps. A minimum of 2 ml should be collected for Xpert Ultra testing. Additional CSF should be obtained for routine analyses and other studies as needed.
(2) CSF (2 ml) should be slowly pipetted directly into the Xpert Ultra cartridge. CSF should only be diluted with the manufacturersupplied sample reagent if less than 2 ml of CSF are available for Xpert Ultra testing.
(3) Centrifugation of CSF can be performed, if desired, when more than 2 ml of CSF are available for Xpert Ultra testing and biological safety cabinets are employed for the safe handling of centrifuged specimens. After centrifugation, supernatant should be removed to leave 2 ml of CSF sample for direct application into the Xpert Ultra cartridge. (4) If the Xpert Ultra result is negative or trace detected, a second assay should be performed with a CSF sample from the same specimen if available and/or a new specimen if possible.
Conclusions and future directions
The scale-up of Xpert Ultra access worldwide holds the potential to improve the diagnosis, treatment, and outcomes of persons with TBM. Careful attention to the collection, handling, and processing of CSF as recommended here will maximize the rate of detection of MTB using Xpert Ultra. In contrast to pulmonary tuberculosis, Xpert has been reported to have substantially reduced sensitivities for diagnosing TBM in patients without HIV infection compared to HIV-infected patients [10, 15] , suggesting that MTB bacillary loads in CSF are lower in individuals without HIV infection. Prospective studies are needed to compare the performances of Xpert Ultra for detecting TBM in patients with and without HIV infection, including children, using identical CSF testing protocols. In practice, the diagnosis of TBM should be made using experienced clinical judgement after integrating clinical information, radiologic findings, and CSF results, including Xpert and/or Xpert Ultra tests if available [14, 16] .
